In this paper the formation mechanisms of the femtosecond laser-induced periodic surface structures (LIPSS) are discussed. One of the most frequentlyused theories explains the structures by interference between the incident laser beam and surface plasmon-polariton waves. The latter is most commonly attributed to the coupling of the incident laser light to the surface roughness. We demonstrate that this excitation mechanism of surface plasmons contradicts to the results of laser-ablation experiments. As an alternative approach to the excitation of LIPSS we analyse development of hydrodynamic instabilities in the melt layer.
Introduction
Laser-induced periodic surface structures (LIPSS) appear on dielectric, semiconductor, polymer and metal surfaces exposed to single or multiple short and ultrashort laser pulses, see, e.g., [1, 2, 3, 4, 5, 6, 7] . This pattern can be considered as one of the examples of self-organization phenomena on nano-and micrometer scale. The nanoscale pattern formation is observed in different physical, chemical and biological systems [8, 9, 10, 11] . One of the most common structures is the periodic self-organised stripe pattern, which can be found, e.g., on the fracture surface of brittle glasses [12] or silicon wafers [13] . The periodic stripes are also observed by welding of metallic alloys [14] . During the welding the surface layers of the processed metals are melted. After the solidification, periodic stripes were observed on the surface. Periodic ripples are also found by ablation of solids induced by water jet cutting. In this case the periodic surface structures can be explained in frames of the Kuramoto-Sivashinsky model [15] . In this paper we analyse ablation of solid surfaces by ultrashort laser pulses.
After a metal surface is exposed to an ultrashort laser pulse, the following chain of processes takes place [16] . The laser light is absorbed by electrons, which temperature increases during the laser pulse irradiation, while the lattice remains at the initial temperature. The system is driven out of thermal equilibrium and consists now of two subsystems at different temperatures: electron at the temperature of the order of one electron volt and the lattice at the room temperature. The thermal equilibrium between the lattice and electrons is established on the picosecond time scale. If the energy of the laser pulse is sufficient, the surface melts and remains in the melted state for up to a nanosecond. The depth of the melt is of the order of one or several hundreds of nanometers. After the resolidification, the self-organized patterns are frozen into the surface and can be observed, e.g., by means of scanning electron microscopy, see image in Fig. 1 .
Although the basic physical processes at the laser ablation are well understood and moreover, the effect of the LIPSS formation is interesting as well for fundamental physics as for practical applications, the mechanisms of the pattern formation are still not completely clear. There are two theoretical approaches, which try to explain the laser-induced periodic structures: (1) theories based on interference, i.e., a purely optical approach; (2) theories involving hydrodynamic instabilities, which result in self-organisation effects. Patterns explained in frames of the optical theories are referred to as coherent structures, whereas patterns explained by hydrodynamic-like theories are referred to as non-coherent structures [17] . In this paper we analyze applicability of both these approaches for LIPSS induced by femtosecond laser pulses. Figure 1 : LIPSS on the gold surface exposed to a single Ti:sapphire laser pulse, the wave length λ ≈ 800 nm, pulse duration τ p ≈ 10 −13 s, laser fluence F ≈ 3.3 J/cm 2 . The average LIPSS period is Λ ≈ 0.76 µm.
Interference with Surface Plasmons
As mentioned above, the interference-based theory (coherent structures) describes the LIPSS formation as an interference between the incident laser beam and a surface electromagnetic wave excited on the surface during the laser ablation [6, 18, 19] . The nature of this wave is not clear, but obviously its excitation time scale must be well below the pulse duration, hence, only surface plasmons can be taken into account. The interference between the laser light and the surface plasmons gives reasons for the periodicity of the induced structures. The pattern period can be estimated and the orientation of the stripes can be explained in some experiments. However, there are contradictions between the experimental observations and the predictions made in frames of this plamonic theory reported, e.g., in [2, 7] ; the validity of the plasmon excitation conditions by laser ablation is also debatable [7] .
Indeed, the plasmon excitation via light is described by the dispersion curves of the both waves (plasmons and photons) and the excitation conditions are defined by their intersection, see Fig. 2 . The dispersion curves of photons and plasmons are described by the equations
respectively. Here the ω is the frequency, k -the wave vector, ε 1 = 1 -dielectric constant of the surrounding medium (air), Fig. 2 one can see that there is only one intersection point between the dispersion curve of surface plasmons and that of free photons (denoted as Photons) and this intersection corresponds to the zero frequency. Due to this reason the plasmonic theory has difficulties to explain the excitation mechanism of the surface plasmons upon laser ablation. Thus, direct optical excitation of surface plasmons is impossible [20, 21] . There are two methods how to avoid this limitation [22] : (1) decrease in the slope of the photon dispersion line, i.e., to decrease the phase velocity of light (see line sl in Fig. 2) ; (2) shift of the dispersion curve. The second important issue is the energy of the excited plasmonic wave. The amplitude of the plasmonic electric field must be comparable to that of the incident light, since for any sort of interference one needs two nearly coherent waves with comparable amplitudes. Hence at least half of the energy of the incident laser light should excite the oscillations of the electrons on the surface. The practical realization and difficulties of these plasmon excitation scenarios are discussed in the two following subsections.
Excitation via Slow Light
The phase velocity of photons can be slowed down to fit the velocity of the propagating plasmon-polariton wave by choosing appropriate incident angle and dielectric constants of materials. This is realized in the Otto and in the Kretschmann configurations [23, 24] by illuminating the surface through a dielectric prism and choosing the incidence angle so high, that the total internal reflection of the incident light takes place on the dielectric interface. This method is used in biology and medicine and allows coupling of up to nearly whole laser energy to plasmons: Depending on the laser wavelength and incidence angle, the reflection can be varied from approximately 100% to approximately 1% [25, 26] . The method requires illumination of the metal surface at a fixed incidence angle α = 0
• through a dielectric material with high refractive index [20, 21, 22, 23, 24 ] to achieve the necessary condition for the total internal reflection.
In common laser-ablation experiments, in which the formation of LIPSS is observed, the surface is exposed at the incidence angle of α = 0
• through the air. In some experiments silicon surfaces are exposed through a layer of liquid and a thin layer of silicon oxide [27] , but the conditions for the total internal reflection remain unsatisfied there. In the theoretical studies one can also consider the electron plasma excited under the oxide layer in silicon and analyze a layered system, for which some of the excitations condition are easier to satisfy [27] . The most fundamental problem of the plasmon excitation in laser ablation is the incident angle of the laser light, which is typically α = 0
• . The momentum of the incident wave is perpendicular to the sample surface, hence the excitation of a wave in the surface plane (i.e., with the momentum perpendicular to the momentum of the exciting wave) is difficult without involving other physical mechanisms.
That is, the excitation of the surface plasmons by reducing the phase velocity of light is not realized by laser ablation, since it requires an exact fitting the incident angle of the light to the optical constants of the material. The LIPSS appear at similar laser ablation parameters in metals, semiconductors, dielectrics and polymers [1, 2, 3, 4, 5, 6, 28] , i.e., in conductive and in dielectric materials, which have a broad range of dielectric constants. This fact suggests that other ways of the plasmon excitation, independent on the material properties, must be looked for.
Excitation via Surface Morphology
In 1902 R. W. Wood observed drops in the optical spectrum produced by the diffraction grating, which he could not explain [29] . The positions of these drops depend on the incidence angle. This observation proves that plasmons can be excited on a periodically patterned surface [20] , e.g., on a diffraction grating. A coupling between the surface plasmon wave and the incident light may also happen due to surface roughness (corrugation), which spectrum contains frequencies, at which the coupling is effective [17, 18, 30] . On the language of the dispersion curves presented in Fig. 2 , a surface pattern with the wave number k n , n ∈ N shifts the dispersion curves by ±k n , see the line marked as n in the Fig. 2 .
The possibility of the plasmonic excitation via the surface roughness on a polished surface is difficult to evaluate experimentally since the roughness amplitude is small and the spectrum is broad. But we can solve the problem from the other side and estimate, which wave number in the spectrum of the surface roughness we need in order to be able to couple the incident light of the frequency ω l ≈ 10 15 s −1 to the metal with the plasmonic frequency ω p ≈ 1.4 · 10 16 s −1 . Substituting ω = ω l into the dispersion equation of plasmons (1) we calculate that the wave vector of the surface roughness must be k 0 ≈ 10 4 m −1 . This corresponds to the period of approximately 0.6 mm, which is one order of magnitude larger than the diameter of the laser crater on the sample surface. Although this estimation demonstrates that the excitation of surface plasmons via surface roughness cannot be effective, let us suppose for the following analysis that this low efficiency allows the excitation anyway and consider multiple pulse exposure.
Here, we do not discuss a possible origin of the LIPSS formation via the first laser pulse. We assume that the plasmons can be excited by coupling on a periodic structure generated by the previous pulses and compare the theoretical predictions of this model to the experimental observations. If a contradiction will be found, we can conclude that the excitation of surface plasmons upon laser ablation either doesn't happen or plays a secondary role for the LIPSS formation even in the ideal situation of a periodically patterned surface. Consequently the coupling via the surface roughness of a polished surface, which has no distinctive spatial period, is even less probable and should not be taken into account by the explanation of the LIPSS nature.
The difficulty of the surface roughness spectrum definition vanishes after the surface is exposed to the first laser shot, since the LIPSS appears (see Fig. 1 ) and the period of the structure Λ can be easily measured. This is the new period of the surface corrugation; it defines the wave vector corresponding to the maximum of the power spectrum of the roughness after the first laser pulse k 1 = 2π/Λ 1 . Now if the sample is exposed to multiple pulses, the second (and every next) laser shot interacts with the periodically patterned surface and the coupling conditions are fulfilled due to the periodic surface corrugation with the period Λ n and the corresponding wave number k n = 2π/Λ n , see the line labeled as n in Fig. 2 . Here, the index n denotes the number of laser shots.
On the other hand, from the figure 2 one can see that the excitation of the surface plasmons in the second laser shot is impossible, while the incident light has a fixed frequency ω l ≈ 10 15 s −1 , but the intersection of the dispersion curves shifts towards higher ω l from pulse to pulse. Hence, if the plasmon excitation at the given laser light frequency was possible in the first pulse, in the next one the frequency of the incident light must be increased to fit the resonance conditions. However, even if we neglect this limitation and suppose some sort of light spectrum modification [31] or Raman scattering [32] by the ablation or a very broad spectrum of the incident laser pulses, we anyway come to the contradiction, which is described below.
In frames of our assumption, that the LIPSS are formed by the surface plasmons excited due to the surface corrugation, the wave vector k n of the surface pattern after the n th laser pulse should depend on the number of pulses n. Indeed, after the first laser pulse the surface is periodically patterned with the period Λ 1 ≈ 0.76 µm, see Fig. 1 for gold or Λ 1 ≈ 0.69 µm, see Fig. 4 (A) for copper. The corresponding wave vector k 1 can be calculated as k 1 = 2π/Λ 1 ≈ 10 7 m −1 . The slope of the plasmonic dispersion curve is always smaller than the slope of the dispersion line of photons. Hence after every laser shot the wave vector of the surface pattern k n must grow, as it is schematically shown in figure 2. The iterative map described schematically in the figure 2 can be represented as a function, which establishes relation between the pattern wave vectors after previous n laser pulses k n and in the next following laser 2,000 4,000 6,000 8,000
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Figure 3: Experimentally measured (blue points) and theoretically predicted (solid red line) dependencies of the LIPSS period on copper surface Λ on the number of laser shots n.
Analytical analysis of the equation (2) is difficult and we first solve it numerically and plot the solution in the terms of the pattern wavelength as the solid line in the Fig. 3 . As one can see from the plot, the numerically calculated Λ n (the solid line) must decay rapidly to zero. In addition, we also analyse the asymptotic behaviour for large number of pulses analytically. After approximately n ∼ 10 2 laser pulses, the wave vector k n should considerably exceed the k c and the dispersion curve of surface plasmons saturates. In this case it can be approximated by the constant ω = ω p / √ 2. Hence, after every laser shot the wave number must grow with a constant increment of ∆k = ω p /c √ 2. This enables us to derive a simple analytical relation for the period of the surface structure Λ n+m as a function of the number of shots m + n if the period after n shots Λ n is known:
According to the equation (3), the LIPSS wavelength for large number of pulses Λ n+m decreases and tends to zero. However this result contradicts to the results reported in the literature and to our experimental observations. In Fig. 3 one can see dependence of the LIPSS period measured experimentally on a copper surface exposed to multiple femtosecond laser pulses as a function of the number of pulses n (see blue spots). The difference between the predictions based on the plasmonic theory and the experimental results are so large that we had to plot the results in the semi-logarithmic plot and break the Λ-axis.
The period of the pattern observed in our experiments after the first pulse (Λ 1 ≈ 0.69 ± 0.02 µm) is slightly larger than after n 10 2 pulses (Λ 250 ≈ 0.59 µm) and does not change at least in the range from 250-to-1 till 8000-to-1 pulses. An example of the copper surface exposed to 1000 pulses can be found in Fig. 4 (B) . Notice that results reported by other groups also disagree with the results of the plasmonic theory: in [33] authors also observed a decrease in the pattern period in silicon but after approximately 100 laser pulses the period saturates, which is in agreement with our experiments. The period of the ripples on the ZnO surface was almost independent on the pulse number [34] . The discrepancy between the plasmonic theory and experimental results are even larger if insulating materials are ablated. In [35, 36] authors observed an increase in the period of the surface pattern with the number of laser pulses in polymers and in quartz.
We conclude from the comparison between the experimentally measured and theoretically predicted dependencies of the pattern period on the number of laser pulses that the plasmonic theory cannot explain the pattern wavelength on metallic and semiconductor surfaces. Thus the surface plasmons probably do not play the key role in the LIPSS formation.
Here, we notice that Huang and coauthors [37] also tried to explain the decrease in the LIPSS period with the number of laser pulses by the assumption that the laser light is coupled to the LIPSS on the surface. However, in the Huang theory, the change in the plasmon wavelength was induced by the shift in the Brillouin zones due to the deepening of the grooves.
Hydrodynamic Instabilities
The LIPSS may develop in the liquid melt phase, which appears on the sample surface after the laser ablation due to some hydrodynamic instabilities. The instabilities develop if (1) the conditions for the excitation of the instability are fulfilled; (2) the resolidification of the surfaces takes place on the time scale τ melt larger than the characteristic time scale, at which the instability develops τ i = γ −1 with γ -the growth rate of the instability. Numerical simulation show that h ∼ 10 −7 m and τ melt 10 −9 s [38] . If the melt depth h is smaller than the period of the LIPSS, the growth rates can be calculated in the frames of the lubrication approximation [39] .
The thickness of the melt film h is close to the range, at which the Van der Waals forces come into play. The latter can destabilize the liquid layer and induce the instability, which growth rate γ(k) is described by the dispersion relation (4) [39] 
Here, A ∼ 10 −21 is the Hamaker constant of gold calculated for the solidmelt-vacuum interface system [40] , the viscosity η = 5.5·10 −3 P a s, surface tension σ = 1.2 Nm −1 [41] . If we substitute the experimentally observed wavelength of the pattern into Eq. 4, we will see that the growth rate is negative, hence the pattern with such a wavelength cannot develop due to this mechanism. However, the wavelength of the high-amplitude pattern observed in the experiments may differ from that of the low-amplitude instability, for which the equation (4) is valid. But as one can calculate from this equation, the minimal period of the pattern, at which the instability can be observed is Λ c ≈ 6·10 −3 m, which is four orders of magnitude smaller than the experimentally observed pattern period. Instabilities with the wave periods smaller than that critical value are suppressed by the surface tension.
Similarity between the patterns generated upon the laser ablation (cells [3, 42] , LIPSS) and the convection patterns [43] suggests that convection may be the physical reason of the LIPSS generation. Moreover, the patterns in these both systems are induced by heating of a thin liquid layer. On the other hand this mechanism can be excluded due to the following two reasons: (1) the temperature gradient for both Marangoni and Rayleigh convection mechanisms should be directed from the surface into the bulk, i.e., the surface temperature must be lower than the temperature of the bottom of the melt layer. Numerical simulations of the laser ablation always indicate the opposite direction of the temperature gradient [16, 38] . (2) The Marangoni number Mn and the Rayleigh number Ra are several orders of magnitude lower than the critical values needed for the onset of the convection.
The physical parameters of liquid gold [41] used for the calculations are: density ρ = 17 g · cm −3 , variation of the surface tension with the temperature σ and Marangoni number Mn = |σ ′ T |∆T h ηχ ≈ 0.03. For the calculations we used the temperature difference across the layer ∆T ≈ 10 3 K. The calculated Rayleigh and Marangoni numbers are both much lower than the corresponding critical values Ra c ∼ 10 3 and Mn c ∼ 10 2 . This leads us to the conclusion that the convection cannot develop in experiments on single shot femtosecond laser ablation.
Here it makes sense to estimate whether the LIPSS formation due to the melt redistribution is principally possible or not. From Fig. 1 one can see that the modulation of the surface profile is large and a considerable part of the melt is moved on the distance ℓ ≈ Λ/4. Since this mass redistribution is only possible in the liquid state, i.e., during the time τ melt , we can estimate the flow velocity as v ≈ Λ/(4τ melt ) ∼ 10 2 m · s −1 . This value is one order of magnitude lower than the speed of sound in liquid metals [41] , which demonstrates that the LIPSS can principally be induced by flow in the liquid metal.
Conclusion
In this paper we analysed different possible mechanisms of the LIPSS formation upon femtosecond laser ablation with single and multiple pulses.
At first we tested the possibility of the plasmon excitation due to the surface roughness. We compared the predictions based on this theory with our experimental observations and observations made by other groups. The surface plasmons cannot explain the observed surface patterns since the excitation conditions are not fulfilled and the predictions based on the plasmonic theory contradict to experimental observations. The theory that the surface plasmons can be coupled by the surface roughness would imply the rapid decrease of the LIPSS period with the number of laser pulses in multi-shot laser ablation experiments. The decrease in Λ is really observed in our experiments after the first pulses, but it saturates rapidly.
Our analysis demonstrates that the physical background of the LIPSS formation cannot be explained in the frames of pure plasmonic theory. The analysis of most promising hydrodynamic instabilities demonstrated that they, in principle, can be used to explain the formation of the periodic structures. However, the basic hydrodynamic instabilities like the instabilities induced by convection or Van der Waals forces cannot explain the pattern.
Temperature-driven hydrodynamic instabilities can develop if the temperature distribution on the surface is inhomogeneous [39] . Moreover, a periodically modulated temperature on the surface can modulate the evaporation velocity and hence cause a periodic pattern in the surface profile. The conditions for the spontaneous destabilisation of the temperature profile will be analysed elsewhere.
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